Anatomical and electrophysiological techniques were employed to investigate the aortic bodies in anesthetized puppies and dogs. The microscopic appearance, location, innervation, and vasculature of the aortic bodies were investigated by microdissection and histological examination of gelatineinjected preparations. Thoracic chemoreceptor impulses were recorded from the cervical vagus nerves, the nervous pathways in the thorax identified by cold blockade, and the blood supply to the receptors investigated by injection of drugs. Large, circumscribed aortic bodies were few, the majority of glomus cells being scattered in small groups along the vagal branches coursing on the walls of the pulmonary artery and aorta. Very few bodies were found in groups 1 and 2 at the right and left subclavian angles. The majority were in group 3, ventral to the aortic arch and pulmonary bifurcation and supplied by the ventromedial cervical cardiac branch of the left vagus, and in group 4, between the aorta and pulmonary artery, supplied by the recurrent cardiac branch of the right vagus. The arterial supply to the aortic chemoreceptors stemmed from the aorta and the brachiocephalic and left coronary arteries. In neither puppies nor adult dogs was there evidence of a supply from the pulmonary artery.
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• The reflex circulatory and respiratory effects evoked by changes in the gaseous composition of the arterial blood are initiated in part by excitation of chemosensitive cells in the region of the aortic arch, and it is generally assumed that these receptors are the glomus cells of the aortic bodies-the thoracic homologues of the carotid body (for refer-ences see 1, 2) . Although a great deal is known about the microscopic appearance, location, innervation, and blood supply of the thoracic chemoreceptors in the cat (for references see 3) , there is less information about these structures in the dog. Nonidez (4) described an extensive distribution of glomus tissue in the aorticopulmonary region of the puppy, but remarkably few aortic bodies have been identified histologically in the adult dog (2, 5) . Consequently, the possibility must be considered that in this species some postnatal regression of aortic body tissue may occur, as reported in the rabbit (6) . The experiments were undertaken to obtain more information about the thoracic chemoreceptor system in the dog. Aortic bodies were identified by microdissection and histological examination of the tissues of the aortico-pulmonary area, and their distribution, vasculature, and nerve supply defined. These anatomical observations were reinforced by electroneurographic studies to determine the location, blood supply, and innervation of aortic chemoreceptors whose afferent impulses were recorded from slips of the cervical vagus nerves.
Methods
Adult dogs were anesthetized with chloralose (80 mg/kg iv) and puppies with sodium pentobarl>ital (40 mg/kg ip).
Examination of Anatomical Specimens.-In 26 dogs the chest was opened in the midline and the lungs ventilated by positive pressure. Gelatin-rice starch masses of contrasting color were injected into the pulmonary and systemic circulations to demonstrate the vasculature of the aortic bodies (3) . Three specimens were subsequently rejected because the small vessels were poorly filled with the injection mass. After fixation in 10% formol saline, the aorticopulmonary region was examined with the aid of a dissecting microscope (up to X35) for suspected aortic bodies. On the basis of previous experiments on cats (3) , a search was made for small, translucent structures of up to 1 mm in diameter containing a tangled skein of vessels filled with a colored injection mass and embedded in the periadventitia of the two great arteries, closely associated with branches of the vagus nerves. The bodies were displayed by microdissection. Those lying deeply between the aorta and pulmonary artery were exposed by reflecting the ascending aorta. Suspected aortic bodies were excised and examined histologically. Serial paraffin sections were cut at 6-lOyu. and stained with Ehrlich's hematoxylin and orange Gerythrosin.
In another five dogs, after the pulmonary and systemic circulations had been injected with contrasting masses, large blocks of tissue were removed in toto from the aorticopulmonary area, serially sectioned and stained. These blocks included all established areas in which aortic bodies have previously been found. They comprised: The complete aorticopulmonary region from the base of the heart to the origin of the right common carotid artery (1 dog); the rostral half of the brachiocephalic artery, the right subclavian angle and 1 cm of the right common carotid artery (4 dogs); the first 1 cm of the left subclavian artery and the adjacent aortic arch (4 dogs); the posterior wall of the main pulmonary artery and its bifurcation (2 dogs). From examination of these serial sections, drawings were made to provide an inventory of all collections, large and small, of glomus cells in the aorticopulmonary region.
In nine puppies (four 1 to 5 days old, five 28 to 40 days old) the ductus was ligated and an india ink-gelatin-rice starch mass was injected into the pulmonary artery (3). After fixation, the tissues were examined under the dissecting microscope for any small vessels stemming from the pulmonary artery to supply glomus tissue, such as have been observed in the newborn kitten (3) .
Action Potential Studies.-In 28 anesthetized dogs a tracheal cannula was inserted, the lungs ventilated by positive pressure and the chest opened in the midsternal line. Fine polyethylene catheters were inserted into the right atrium through an external jugular vein, into the left atrium through a pulmonary vein, into the ascending aorta and brachiocephalic artery through the right and left subclavian arteries, and into the aorta just downstream to the left subclavian artery, through a femoral artery. The position of all catheters was checked post mortem.
Afferent impulses were recorded from fine slips of the right or left cervical vagus nerves; an electrocardiogram was also recorded. In some experiments, tracheal pressure (from a side arm on the tracheal cannula) and femoral arterial blood pressure were recorded with optical manometers or with Statham strain gauges (P 23 Gb). After suitable amplification, the pressures, action potentials, and electrocardiogram were recorded photographically or with a direct writing ultraviolet light recorder. Details of the various recording techniques have been described previously (7).
A search was made for afferent vagal fibers whose irregular discharge increased when 5% O 2 in N 2 was substituted for the room air with which the lungs were usually ventilated. Drugs known to stimulate chemoreceptors were injected into different vessels through the catheters described above: nicotine bitartrate 10 to 50 /ig/kg; alobeline hydrochloride 10 to 30 /tg/kg; NaCN 10 to 50 jig/kg. The drugs were injected in 0.5 ml 0.9% saline and were washed in with 1 ml saline. The origin of the blood supply to the chemoreceptor in question was deduced from a comparison of the changes in impulse frequency produced by injection at different sites. Fibers were assumed to be arising from thoracic chemoreceptors if their irregular discharge was augmented by hypoxia, if serial injection of drugs indicated that their endings were located in the aorticopulmonary region, and if the impulses recorded from the cervical vagus were abolished temporarily by cold blockade of an intrathoracic vagal branch supplying the aorticopulmonary region (see below). In some experiments drugs were injected directly into the left coronary artery (8) to determine whether certain groups of chemoreceptors received a coronary arterial supply. After heparin 5,000 IU had been injected intravenously, a thin-walled metal cannula (length 28 cm, bore 2 mm) was passed down the left common carotid artery and maneuvered until its tip lay in the mouth of the left coronary artery. The terminal 2 cm of the cannula was bent at an angle of 25° to facilitate placement, and a plastic lip or collar around the tip enabled it to be wedged tightly in the coronary ostium. The rostral end of the cannula was connected by polyethylene tubing to the central end of the left femoral artery. Pressure in the tubing was measured with a mercury manometer attached to a side arm; the cannula was judged to be correctly placed if the pressure fell abruptly when the tubing was briefly clamped upstream to the manometer. Drugs were injected into the perfusion circuit through a side arm.
The intrathoracic path by which the recorded chemoreceptor impulses reached the cervical vagus nerve was identified by blocking each of the vagal branches in turn with a cooling device (3). The nerves were cooled to approximately 2 to 3°C. When it was impossible to free a sufficient length of nerve for cooling, the pathway taken by the chemoreceptor fiber was identified by cutting the branches in turn. The nomenclature introduced by Mizeres (9) has been adopted to describe the intrathoracic vagal branches.
Results

ANATOMICAL STUDIES
Location of the Aortic Bodies.-Revising the nomenclature introduced by Howe (10), the authors (3) recently classified the aortic bodies in the cat according to their position: groups 1 and 2, at the roots of the right and left subclavian arteries, respectively; group 3, on the ventral surfaces of the aortic arch and pulmonary bifurcation; group 4, buried deeply between the pulmonary artery and aorta. This classification will be employed to describe the location of the aortic bodies in the dog.
The aorticopulmonary region was examined by microdissection in 23 dogs whose vessels had been injected with colored masses. A total of 107 suspected aortic bodies were removed and examined histologically; 34 were identified as typical aortic bodies. The remainder, classed as negative, either possessed some of the characteristics of glomus tissue but could Circulation Research, Vol. XXVI, February 1970 not be identified conclusively as such, or were simply small nodules of vascular fat, connective tissue, nerve bundles, ganglia, or aberrant thyroid tissue.
The location of the confirmed aortic bodies is shown in Figure 1 . Despite a most careful search, only two bodies were found rostral to the aortic arch; both were in group 1, lying in the right subclavian angle and supplied by the right innominate nerve. None was found in group 2. Thirteen bodies were situated in group 3, lying ventral to the aortic arch and pulmonary arterial bifurcation and closely associated with, and supplied by, filaments of the ventromedial cervical cardiac branch of the left vagus nerve. The largest number of bodies (19) were in group 4, lying between the aorta and pulmonary artery along the course of the recurrent cardiac branch of the right vagus nerve, this branch constituting their main nerve supply. Occasional bodies in groups 3 and 4 received fine twigs of the left recurrent laryngeal nerve.
Not only were the two rostral groups of bodies poorly represented, but in seven animals no confirmed aortic bodies at all were obtained by microdissection of the entire aorticopulmonary region, and in each of another seven dogs only a single body was identified. Each of the remaining nine animals yielded from two to five confirmed bodies. By contrast, in the cat several confirmed aortic bodies were identified in each of the animals examined by microdissection (3). It seemed possible that these results reflected not so much a difference in the total amount of aortic body tissue present in the two species as a difference in its arrangement, making recognition by microdissection more difficult in the dog. Accordingly, in five dogs large blocks of tissue from the aorticopulmonary region (see methods) were serially sectioned and examined. The laborious nature of such a study, involving as it did the preparation and scrutiny of several thousand sections, precluded its being carried out in more than a small number of animals; nevertheless, it constitutes the first such comprehensive inventory in the adult dog. As shown in Figure 2 , sections of the largest block of tissue (comprising the complete aorticopulmonary region from the origin of the two great arteries to the right common carotid artery) revealed a widespread but generally diffuse distribution of glomus tissue (described in detail below) within the areas of groups 3 and 4, in close association with the recurrent cardiac and ventromedial cervical cardiac nerves, respectively. Serial sections of the pulmonary artery in another two dogs showed a similar distribution of glomus cells along the recurrent cardiac nerve behind the main trunk, and also scattered groups of cells dorsal to the bifurcation. In addition, examination of these large blocks of tissue confirmed the almost complete absence of bodies from the more rostral groups; for none was identified in group 1 in the five specimens examined and only one in group 2 (five specimens). The tissues examined by serial section were confined to the area shown in Figure 2 ; we have not examined the heart muscle or tissues taken elsewhere from the neck or thorax. As far as could be established with the light microscope, the usual type of parenchymal cell in the aortic glomus tissue was similar to the type 1 cell described in the carotid body (11) (12) (13) (14) . Another kind of parenchymal cell could be recognized among the glomus cells. It was a relatively large, polyhedral cell with a Circulation Research, Vol. XXVI, February 1970 high cytoplasmic-nuclear ratio, having a pale, clear or vesicular cytoplasm and a large, round nucleus. These cells were found most frequently in the glomera embedded in nerve trunks or microganglia (Fig. 3C) . Their significance is unknown, though they appear to be a variant of the type 1 cell.
There was considerable variation in the grouping and organization of the glomus cells. Some bodies had the general form of the carotid body, the cells being organized in whorl-like groups interspersed with fine blood vessels and nerve fibers, the whole being loosely encapsulated with connective tissue to form a discrete structure (Fig. 3A, B) . However, the bulk of aortic body tissue was disseminated in diffuse and irregular strands along the recurrent cardiac and ventromedial cervical cardiac nerves. Many glomus cells were actually embedded within the nerves, their distribution varying from small groups of a few cells nesting among the nerve fibers to extensive cords of cells interspersed between nerve bundles (Figs. 3C, 4A , B, C). Occasionally, a more rounded group of glomus cells protruded as a small bud on the side of a nerve trunk. Most cell groups were found where the nerves coursed in the loose connective tissue around the two great arteries; some were in the adventitia of the vessels, and occasional groups were as deep as the outermost layer of the media (Fig. 4D) .
As in the cat (3), large numbers of nerve cells were present, singly or in groups, within the aortic bodies or studding the associated nerve trunks (Fig. 3B, C) ; they were also concentrated in encapsulated microganglia adjacent to the glomus tissue. Frequently the neurons were so numerous that an aortic body appeared to consist of nests of glomus cells embedded within a microganglia. The significance of these nerve cells is unknown. They could be afferent vagal cells which have not migrated at the same rate during development as those found in the conventional sites of the nodose and jugular ganglia. They could be postganglionic motor neurons, vagal or sympathetic, innervating the heart or great vessels 
nest of aortic body cells embedded in a vagal branch. Many of the glomus cells immediately to the left of the nerve (n) are of the larger type 1 variety (see text). In B and C, several nerve cells (nc) can be seen within the nerve branches (n).
or even the intrinsic vasculature of the aortic bodies themselves.
Blood Supply.-Thirty-four confirmed aortic bodies were identified in 16 of 23 dogs examined by microdissection. Their arterial supply was as follows: Group 1 bodies were supplied by a small vessel arising near the right subclavian angle (two bodies). Group 3 bodies received a twig stemming from the ventral surface of the aortic arch or adjacent brachiocephalic artery (nine bodies) or from the ascending aorta (four bodies); an additional contribution was provided by fine vessels running with the ventromedial cervical cardiac nerve. Group 4 bodies were supplied according to their position: the more rostral bodies by a vessel which arose from the rostral half of the brachiocephalic artery and ran 
Aortic body tissue in the wall of the pulmonary artery and aortic arch; ad, m, adventitia and media, respectively, of vessel wall; other abbreviations as in Figure 3. A: Low-power view of pulmonary arterial wall shoioing cords of aortic body tissue (group 4) scattered along a vagal branch coursing in the adventitia. At bottom left, the lumen of the pulmonary artery contains an india ink injection mass. B, C: Higher power view of small nests and a thin cord, respectively, of aortic body tissue (group 4) associated with vagal branches in the adventitia of the pulmonary artery. D: An aortic body (group 3) located in the outermost layer of the media of the wall of the aortic arch.
caudally with the recurrent cardiac nerve (four bodies), and by a twig from the dorsocaudal aspect of the aortic arch near the origin of the brachiocephalic artery (ten bodies); bodies dorsal to the caudal part of the pulmonary trunk were supplied by an ascending branch of the left coronary artery (five bodies).
The small vessels described above were present in each of the 23 dogs examined by microdissection, but they could not always be traced to confirmed aortic bodies. Thus, in only three dogs were group 4 bodies seen to be supplied from all three possible sources (i.e., brachiocephalic artery, aortic arch, and left coronary artery). In our opinion this was simply because many aortic bodies were too small or diffuse to be recognized under the dissecting microscope; the serial sections of the large block of tissue showed numerous groups of glomus cells in the areas of distribution of all three branches.
All the vessels described above were traced in continuity from their systemic origin, and on subsequent histological examination, only the mass injected into the systemic artery was found within the minute vessels ramifying among the glomus cells. However, Krahl (15) has described, on the dorsal wall of the pulmonary trunk in adult animals of several species (including the dog), a mass of glomus tissue-the "glomus pulmonale"-which is said to receive its blood supply from the pulmonary artery. Although aortic bodies were found in the area of Krahl's glomus pulmonale (Fig. 1) , in no case was a pulmonary arterial supply detectable by microdissection. Moreover, histological examination of complete serial sections of the dorsal wall of the pulmonary trunk and its bifurcation in three dogs revealed no vessels stemming from the lumen of the pulmonary artery. Indeed, in the several thousand sections cut from the aorticopulmonary region, there was no trace of the pulmonary injection mass in any location outside the lumen of the pulmonary artery itself.
Nine puppies (four aged 1, 3, 4 and 5 days, the others aged 28 to 40 days) whose pulmonary arteries had been injected with a gelatin-india ink mass, were examined under the dissecting microscope for a pulmonary arterial supply to the aortic bodies, similar to that present in the newborn kitten (3, 16, 17) . None was found.
ACTION POTENTIAL STUDIES
In observations on 46 chemoreceptor fibers dissected from the right and left vagus nerves, the effects of injecting drugs into the right and left atrium were compared. In all cases, results indicated that the chemoreceptor tissue from which the impulses were arising was irrigated by systemic and not by pulmonary arterial blood. Results of such an experiment are shown in Figure 5 . A sparse and irregular discharge was recorded from this left vagal strand when the lungs were ventilated with air (Fig. 5A) , with a marked increase in impulse frequency during hypoxia (Fig. 5B) . Injection of 20 /x,g/kg lobeline into the right atrium was followed, after a delay of about 8 seconds, by an augmented discharge (Fig. 5C) , whereas injection into the left atrium evoked a more vigorous response after only 2 seconds (Fig.  5D) .
The location of the chemoreceptor tissue whose impulses were recorded was then examined in more detail; the intrathoracic branch by which its fibers reached the vagal trunk was identified by cooling, and the origin of its blood supply was investigated by injecting drugs at various sites. Of 17 left vagal strands thus examined, chemoreceptor impulses ceased in 15 when the ventromedial cervical cardiac nerve was cooled (Fig. 5E, F,  G) . Thus, the majority of chemoreceptor fibers in the left vagus nerve appeared to arise from group 3 aortic bodies. Activity in the remaining two left vagal strands was abolished by cutting the vagal trunk caudal to the origin of the ventromedial cervical cardiac nerve. Possibly these fibers entered the vagal trunk through the left recurrent laryngeal nerve (see above). No chemoreceptor fibers were identified in the left innominate nerve which, in the cat, supplies group 2 bodies (3). All 17 left vagal fibers were stimulated by injecting drugs into the ascending aorta approximately 0.5 cm downstream to the aortic valves; no effect was observed after injection into the rostral end of the brachiocephalic artery or into the aorta at the origin of the left subclavian artery.
Twenty-nine right vagal chemoreceptor fibers were similarly investigated. In 26, impulses were blocked by cooling the recurrent cardiac nerve, indicating that the great majority of chemoreceptor fibers in the right vagus arose from group 4 aortic bodies. All were stimulated by injection into the left atrium and all but six (see below) by injection into the ascending aorta; none was stimulated by drugs injected into the aorta beyond the left subclavian artery. Five showed an increase in frequency after injection into the brachiocephalic artery 1 cm downstream to its origin but the receptors clearly were not situated in group 1; for the fibers were blocked by cooling the recurrent cardiac nerve. The most likely explanation was that the impulses arose from one of the more rostral group 4 bodies supplied by a vessel stemming from the upper end of the brachiocephalic artery (see above). In only one instance were impulses abolished by cooling the right innominate nerve. Activity in this fiber was augmented by injecting cyanide into the brachiocephalic artery, and it was concluded that the impulses arose from a group 1 aortic body. Activity in the remaining two right vagal fibers was abolished by cutting the vagal trunk caudal to the origin of the recurrent cardiac nerve; we were therefore unable to assign these receptors to a particular group of aortic bodies.
As described above, six of the chemo- receptor fibers located in the recurrent cardiac nerve were stimulated by drugs injected into the left atrium but showed no response to injection into the ascending aorta. These results might be explained if the chemoreceptors in question received their blood supply from the coronary arteries. On the other hand, their blood supply might have arisen from the aorta downstream to the coronary openings; for, as pointed out by Diamond and Howe (18) , drugs injected into the aorta might be swept away in the axial stream past the orifice of the vessel supplying an aortic body, whereas drugs injected into the left atrium would mix with the blood and be carried to the aortic body. Nevertheless, examination of the gelatin-injected specimens clearly established that some group 4 bodies on the dorsal wall of the pulmonary trunk received a branch from the left coronary artery. Seeking further evidence of such a coronary supply, in seven dogs impulses were recorded from chemoreceptor fibers dissected from the right vagus nerve, and drugs were injected directly into the left coronary artery. In each of three animals, impulses were recorded from a chemoreceptor fiber which was stimulated by injecting cyanide into the catheter through which the left coronary artery was perfused (Fig. 6) . Results of cooling the intrathoracic vagal branches indicated that all three fibers were located in the recurrent cardiac nerve.
Discussion
In addition to irregular glomus cell masses of varying size (3, 19) , the cat usually possesses several discrete, circumscribed aortic bodies which can be identified under the dissecting microscope and which are found on histological examination to have the classical appearance of the carotid body (3). Bodies of this type are much less common in the newborn (4) and adult dog (present results); indeed, in several animals we failed to find a single example. Instead, the aortic body tissue takes the form of extended cords of glomus cells or strings of glomus cell nests, scattered like beads on a necklace along, or embedded within, the vagal branches coursing in the periadventitia of the aorta and pulmonary artery. Since the individual groups of glomus cells are often much smaller than those in the cat, the impression may be gained that the system of aortic chemoreceptors is less well developed in the dog. Nevertheless, a systematic examination of the aorticopulmonary area revealed that the diffuse chains of cells extended through many serial sections, so that the total mass of chemoreceptor tissue in the dog is probably comparable to that in the cat.
The diffuse nature of the glomus tissue may account for the limited distribution of aortic bodies reported previously in the adult dog. Addison and Comroe (5) described the "aortic-arch body" in eight dogs as being located between the aortic arch and pulmonary artery, corresponding in position and blood supply to the more rostral representatives of group 4 in the present results. Although these authors did not exclude the possibility of chemoreceptor tissue in other locations, their results did suggest that aortic bodies in the dog are represented by a single structure akin to the carotid body. Even fewer bodies were found by Daly and associates (2); using microdissection techniques to Circulation Research, Vol. XXVI, February 1970 search the entire aorticopulmonary region in ten dogs, they were able to identify only four aortic bodies, all from group 3.
Examination of the aorticopulmonary region by serial section, on the other hand, has demonstrated an abundance of aortic body tissue in both the newborn (4) and adult dog (present results). However, in contrast to the cat (3, 10) , aortic bodies in the dog appear to be largely confined to groups 3 and 4. Thus, in the large number of animals examined in the present studies, only three aortic bodies were identified histologically in groups 1 and 2 and in only one instance were impulses recorded from chemoreceptors rostral to the aortic arch. In the rabbit, postnatal regression and eventual disappearance of group 1 bodies has been observed after obliteration of the small artery of supply (6) . It seems, however, that such a mechanism is not responsible for the paucity of group 1 and 2 bodies in the adult dog, for Nonidez (4) was unable to find any glomus tissue rostral to the aortic arch in newborn puppies examined by serial section.
Confirming the previous observations of Comroe (20) , the present results provided neither anatomical nor electrophysiological evidence to substantiate Krahl's belief that in the adult dog some glomus tissue is supplied by the pulmonary artery (15) . Though such a pulmonary supply is undoubtedly present in the human fetus (21, 22) and in the fetal and newborn kitten (3, 16, 17) , there is no evidence that it exists in the newborn puppy (4, present results). Similarly we were unable to identify the system of portal vessels which, according to Hughes (23), irrigates the aortic bodies with blood that has been equilibrated with mixed venous blood. It seems quite certain that in the dog the aortic bodies are supplied solely by systemic arterial blood, at all stages of postnatal development.
Addison and Comroe (5) and Comroe (20) described the blood supply to the "aortic-arch body" in dogs as being provided by a small vessel usually arising from the dorsocaudal aspect of the aortic arch near the brachiocephalic artery. A similar vessel was identified in the present experiments, together with other branches from the aorta and brachiocephalic artery. In the cat, anatomical, electrophysiological, and reflex studies have shown that some aortic bodies are supplied by the left coronary artery (20; for other references see 3). Although aware that Nonidez (4) had identified such a coronary supply in serial sections of the newborn puppy, Comroe (20) was unable to confirm its existence in the adult dog. In the present experiments, however, not only were vessels traced in continuity from the left coronary artery to histologically verified aortic bodies, but chemoreceptor impulses were augmented when cyanide was injected directly into the left coronary artery. It therefore seems reasonable to conclude that in dogs, as well as cats, some chemoreceptors are supplied by the coronary circulation.
The system of aortic chemoreceptors in the dog differs in several respects from that in the cat: in its more diffuse organization, in the absence of a pulmonary supply at birth, and in the paucity of bodies rostral to the aortic arch. In addition, aortic bodies in the dog are innervated predominantly by just two vagal branches-group 3 by the ventromedial cervical cardiac branch of the left vagus and group 4 by the recurrent cardiac branch of the right vagus. These differences notwithstanding, the nomenclature introduced to classify the groups of aortic bodies in cats (3, 10) has been retained in the dog, not only for the sake of uniformity but also because it recognizes a natural grouping of bodies according to position, blood supply, and innervation, which may be pertinent to an experimental determination of chemoreceptor function.
